Mutants of Rhizobium leguminosarum 300 which were unable to utilize one or more organic acids as growth substrates were obtained by Tn5 mutagenesis. Mutant strain MNF3080 was defective in dicarboxylate transport and was unable to grow on succinate. Strain MNF3085 was defective in phosphoenolpyruvate carboxykinase and hence could not carry out gluconeogenesis. This strain did not grow on pyruvate, succinate, glutamate or arabinose but grew on glucose and on glycerol. Strain MNF3075 was unable to utilize pyruvate; the biochemical lesion in this mutant was not identified. MNF3085 and MNF3075 were symbiotically effective. MNF3080 nodulated peas, but the nodules were ineffective in N2 fixation and displayed morphological abnormalities. These data support previous findings which suggest that utilization of exogenous dicarboxylates is essential for effective nodule development by R. leguminosarum.
INTRODUCTION
Symbiotic N2 fixation by Rhizobium species in association with leguminous plants is fueled by carbon sources which are supplied by the plant. The nutritional requirements and preferences of Rhizobium, both as free living cells and as bacteroids, have been studied by genetic and biochemical analyses. Biochemical studies include examination of catabolic enzyme activities (Ronson & Primrose, 1979; Glenn et al., 1984b) , solute transport (de Vries, 1980; Finan et al., 1981 ; Ronson et al., 1981 ; Saroso et al., 1984) and substrate oxidation (Glenn & Dilworth, 1981) .
The nutritional and symbiotic properties of bacterial mutants with specific defects in their capacities to utilize carbon compounds have been examined in Rhizobium trifolii (Ronson & Primrose, 1979; Ronson et al., 1981) , R . meliloti (Duncan, 1981) and R . leguminosarum (Glenn & Brewin, 1981 ; Glenn et al., 1984a,b) . The latter study of R. leguminosarum mutants which were defective in sugar utilization suggested that the capacity to utilize C6 or C1 sugars, which are the major components of the plant photosynthate, was not essential for the establishment of an effective symbiosis. This finding was in accord with the data of Ronson & Primrose (1979) ; however, Duncan (1981) reported that a fructokinase mutant of R. meliloti was ineffective in symbiotic N2 fixation.
The ability of rhizobia to use certain organic acids may be more important in determining whether symbiotic N, fixation occurs. Mutants of R . Zeguminosarum and R. trifolii which cannot utilize dicarboxylic acids have been found to be symbiotically ineffective (Finan et al., 1983; Glenn & Brewin, 1981; Ronson et al., 1981) . In this report, the biochemical and symbiotic properties of mutants of R. leguminosarum strain 300, which are defective in growth on organic acids, are described.
METHODS
Orgunism. Rhizohium leguminosurum MNF300 is a prototrophic strain described by Johnston & Beringer (1 975) which effectively nodulates peas (Pisum sutivum L. cv. Greenfeast). Mutants derived from this strain are shown in Table 1 .
Mediu.
Defined solid media comprised Y basal medium (Beringer, 1974) supplemented with single carbon sources (glycerol, glucose, pyruvate, succinate, malate, fumarate, glutamate or arabinose) at 10 mM.
In mutagenesis experiments, kanamycin resistant (i.e. Tn5+) derivatives of MNF300 were selected on Y medium containing glycerol as the sole carbon source, and kanamycin at 40 pg ml-I. Growth characteristics of mutants were tested on Y media containing single carbon sources as described above. In transduction experiments, kanamycin resistant transductants were selected on TY medium (Beringer, 1974) supplemented with kanamycin at 40 pg ml-I .
Liquid minimal salts medium. Batch cultures of bacteria were grown at 28 "C in the liquid minimal salts medium of Brown & Dilworth (1975) with carbon sources at 10 mM except for glycerol which was used at 20 mM. The nitrogen source was NHJ (10 mM), with phosphate at 0.3 mM and pH maintained at 7.2 with 40 mM-HEPES buffer.
Mutant isolarion. Mutants defective in organic acid utilization were obtained by Tn5 mutagenesis using the Tn5 vector plasmid pJB4JI as described by Beringer et al. (1978) .
Transduction. Bacteriophage RL38 was grown on donor strains as described by Buchanan-Wollaston (1979) . Transducing lysates were added to recipient bacteria at a multiplicity of infection of about 0.1, and the mixtures were incubated at 28 "C for 3 h. Bacteria were then washed twice in saline (0.8%, w/v), and plated on TYkanamycin agar.
Growth rares. Mean generation times were determined by growth in liquid cultures; samples were removed at intervals, diluted 1 :3 in distilled water and the ODboo recorded (Varian Techtron model 635).
Substrare-dependent O 2 consumption. This was measured by the method of Glenn & Dilworth (1981) . Nodulation tests. R. leguminosarum MNF300 and its mutants were tested in the flask nodulation system described by Beringer (1974) , or in pots of sterile sand incubated in growth cabinets.
NzJixation. The acetylene reduction procedure of Trinick et al. (1976) as described by Glenn & Brewin (1981) was used to assess the capacity of various strains to fix N 2 in association with plants.
Enzyme assays. Extracts of free-living organisms or of bacteroids were prepared as described by Glenn er a/. (1 9846) and bacteroids were isolated as described by Glenn et ul. (1980 Krebs & Bridger (1980) respectively. Assays of glucose-6-phosphate dehydrogenase, glucose-6-phosphate isomerase, 6-phosphogluconate dehydrogenase, pyruvate dehydrogenase and pyruvate carboxylase were done as described by Glenn et a f . (19846) .
Uptake experiments. Cells were prepared and uptake assays done as described by Glenn er al. (19846) . Procedures jbr microscopy. Nodules were picked into glutaraldehyde (3%, w/v) in phosphate buffer (25 mM) and stored overnight at 4 "C. Postfixation was in aqueous osmium tetroxide (2%, w.v) for 1 h at 4 "C, and nodules were then dehydrated in ascending concentrations of acetone. Finally, nodules were embedded in Spurr's resin at 70 "C for 48 h.
For light microscopy, sections (0.5 to 1.0 pm) were treated with saturated potassium hydroxide in 100% ethanol for 3 min, and stained with aqueous safranin (0.1 %).
For electron microscopy, sections (60 to 70 nm) were stained with uranyl acetate followed by lead citrate, and were examined in a Philips 301 transmission electron microscope.
Analytical methods. Protein was determined by the Lowry method using bovine serum albumin as standard. Pyruvate was estimated as 2,4-dinitrophenyl hydrazone. Each sample (0.5 ml) was treated with an equal volume of 2,4-dinitrophenyl hydrazine [2% (w/v> in 2 M-HCl]. After incubation for 10 min at room temperature, 2 ml of 2 MNaOH were added, the mixture was centrifuged at 6000 g for 10 min and the Asso of the resultant supernatant was measured.
RESULTS A N D DISCUSSION
Growth properties of mutants defective in the utilization of organic acids as sole carbon sources Twelve mutants which were defective in their ability to use one or more organic acids as sole carbon sources were identified in the screening of approximately 2000 clones of R. leguminosarum MNF300 which had been mutagenized with Tn5. Of these, three representative mutants with non-leaky phenotypes were chosen for analysis. Strain MNF3075 was unable to Organic acid utilization by R. leguminosarum utilize pyruvate for growth. Strain MNF3080 did not grow on succinate in liquid minimal salts medium, and grew very poorly on Y (agar) media which contained succinate, fumarate or malate as the sole carbon source. These two strains grew as well as the parent strain on succinate and pyruvate respectively, and on all other carbon sources tested (glucose, glycerol, glutamate and arabinose; Table 1 ). These strains grew in liquid media containing glucose, sucrose, glycerol, arabinose or glutamate as the sole carbon source at rates indistinguishable from the wild-type. Mutant strain MNF3085 failed to grow on pyruvate, succinate, glutamate or arabinose; however, it grew as well as MNF300 on glycerol or glucose minimal media (Table l) , and on complex (TY) medium.
Transductional analysis of mutant strains Mutations caused by the insertion of Tn5 are stable, and strongly polar (Berg, 1977) . If a single copy of Tn5 is present in the genome of a mutant strain, and if the insertion of this element is solely responsible for the mutant phenotype, then the mutant phenotype is expected to be 100% cotransducible with the Tn5 kanamycin resistance marker (Beringer et al., 1978) . This expectation applies not only in cases where Tn5 inactivates a single structural gene, but also in those cases where a single insertion of Tn5 in a polycistronic operon exerts a polar effect on a larger number of genes.
The kanamycin resistance marker of each of strains MNF3075, MNF3080 and MNF3085 was therefore transduced to MNF3841, and purified transductants tested for their nutritional phenotype and for the presence of the high-level streptomycin resistance allele of MNF3841. This can be distinguished from the low-level streptomycin resistance which is encoded by Tn5 (Putnoky et af., 1983) by plating on medium containing streptomycin at 500 pg ml-l. At least 20 transductants from each mutant strain were tested, and all were found to have inherited the characteristic growth phenotypes of the respective transductional donor strains. Thus, it was concluded that the biochemical deficiency (or deficiencies) of each mutant strain was due to a single insertion of Tn5.
Biochemical lesions of' organic acid mutants Strain MNF3080 was found to be defective in the transport of succinate. This strain and its parent (MNF300) were grown in liquid minimal salts medium containing glucose (10 mM) to 0.8 mg dry wt ml-', centrifuged, washed twice in minimal salts and resuspended in minimal salts containing succinate (10 mM). After shaking for 6 h at 28 "C the cells were prepared for uptake measurements as described in Methods. were measured. Since MNF300 and MNF3080 were known to grow at similar rates on glucose, uptake of glucose was measured in order to ascertain that the levels of general physiological competence of both strains were similar. The rate of transport of [14C] succinate by MNF3080 was 15 % of that of the wild-type (Fig. 1 a) . However, MNF3080 transported [ 4C]glucose at a slightly higher rate than MNF300 (Fig. lb) . Strain MNF3080, therefore, is similar to the dicarboxylate transport (dct) mutants described previously in another strain of R. leguminosarum (Finan et al., 1981) and in R. trfolii (Ronson et al., 1981) . The uptake of dicarboxylates other than succinate was not tested; however, MNF3080 did not utilize fumarate or malate for growth, and corresponding results were obtained when free-living cells of MNF3080 were examined for their substrate-dependent O2 consumption. These cells showed O2 consumption in the presence of glucose [84 nmol O2 min-l (mg protein)-'], arabinose (84 nmol O2 min-' (mg protein)-'] or glutamate [56nmol O2 min-I (mg protein)-l], but showed little or no O2 consumption for glucose-grown cells in the presence of succinate, fumarate or malate [3-8 nmol O2 min-l (mg protein)-']. The rate of O2 consumption by MNF300 in the presence of these substrates was 31 nmol O2 min-l (mg protein)-'. The levels of the control enzymes, glucose-6-phosphate dehydrogenase, glucose-6-phosphate isomerase, 6-phosphogluconate dehydrogenase and succinate dehydrogenase, were similar to the levels in the wild-type strain. Thus it was concluded that MNF3080 is a dct mutant. Strain MNF3085 was found to completely lack the enzyme PEPCK and hence was unable to carry out gluconeogenesis (McKay et al., 1985) . Strain MNF3075, which failed to grow on pyruvate, did not consume significant amounts of pyruvate in the culture medium, even in the presence of a second, utilizable carbon source such as glucose. However, MNF3075 was able to transport [14C]pyruvate at rates comparable to MNF300 [8 nmol min-I (mg protein)-']. MNF3075 contained pyruvate dehydrogenase and pyruvate carboxylase at levels similar to those in the parent organism. We do not currently understand the biochemical lesion of this mutant.
Nodulation and N 2 fixation characteristics of Tn5-induced mutants
Strains MNF3075 and MNF3085 formed red nodules in the flask nodulation system described by Beringer (1974) . However, MNF3080 formed white nodules. To measure the N2 fixation capacity of these strains, peas in sterile yellow sand were inoculated, and the acetylene reduction activity and nodule weight were measured after 21,28 and 37 d (Table 2 ). N2 fixation activity was similar in MNF300, MNF3075 and MNF3085 but MNF3080 showed only 15% of the wild-type activity over the 21 to 37 d period. It was observed that after 37 d there was a small number (about one to two per plant) of very large, red nodules (10-15 mg wet weight) on plants which had been inoculated with MNF3080. These were presumably responsible for all or most of the N2 fixation observed in such plants.
In order to check that nodules contained only the appropriate inoculant strains, nodules (21 and 37 d) were surface sterilized with 0.1 % (w/v) HgC12, washed with sterile water, squashed and inoculated as patches onto TY master plates. After incubation at 28 "C for 2 d the master plates were replicated onto plates containing different carbon sources, or antibiotics. Nodule squashes from plants inoculated with MNF3075 or MNF3085 were found to contain only bacteria of the inoculant phenotype (Table 3 ). All the white nodules of plants inoculated with MNF3080 (96) contained the dct : : Tn5 strain. The red nodules contained succinate-utilizing bacteria ; of five such nodules, three contained kanamycin-sensitive bacteria and two contained kanamycin-resistant (i.e. Tn5+) bacteria. Thus, the dct mutation leads to ineffective nodules, and revertants or pseudo-revertants which are succinate-utilizing regain their symbiotic effectiveness.
Microscopy of nodules containing organic acid mutants
Light microscopy showed that 21 d nodules from plants which had been inoculated with MNF300 consisted largely of vacuolate cells (Fig. 2a) . Nodules from plants inoculated with M NF3075 or MNF3085 were similar, though the latter contained more non-vacuolate cells, and the cell walls were more difficult to distinguish. Nodules from plants inoculated with MNF3080 contained both vacuolate and non-vacuolate cells (Fig. 2b) , with some small starch granules in the cytoplasm of some of these cells. Electron microscopy confirmed the formation of peribacteroid membranes around bacteria of strains MNF300 and MNF3080, and showed the presence of morphologically differentiated bacteroids for each of these strains (Fig. 3 a, b) . By 28 d, nodules of MNF300 (Fig. 3c ), MNF3075 and MNF3085 contained a mixture of vacuolate and non-vacuolate cells packed with bacteroids and an occasional small starch granule. In contrast, nodules of MNF3080 were clearly senescing (Fig. 3d,J) , and contained large numbers of starch granules, located mainly around the periphery of infected plant cells (Fig. 3 4 . Breakdown of peribacteroid membranes was common, with release of bacteroids into a plant cytoplasm which itself appeared to be degenerating (Fig. 3 8 . Less commonly, bacteroids appeared to have lysed within intact peribacteroid membranes (Fig. 3 4 .
By 37 d, disruption of plant and bacterial cytoplasm and deposition of starch granules had progressed further in nodules of MNF3080 (Fig. 3e ), while such processes had not occurred to any comparable extent in wild-type nodules.
Biochemical properties of bacteroids
In order to establish that the mutant bacteroids lacked the enzyme(s) or transport system which were known to be absent in the respective free-living cells, bacteroids were prepared and examined for their specific metabolic defects. Bacteroids of strain MNF3085 had no detectable PEPCK activity although this was present in bacteroids of the wild-type (McKay et al., 1985) . The dct mutant MNF3080 was unable to transport [14C]succinate though bacteroids of MNF300 can transport this organic acid.
Conclusions
Our data show that loss of the capacity to utilize pyruvate had no observable effect on the symbiosis. We have shown earlier (Glenn & Dilworth, 1981 ) that isolated bacteroids of strain MNF3841, a Strr derivative of MNF300, are able to oxidize pyruvate. Similarly, in strain MNF3085, loss of the gluconeogenic pathway through a mutation causing a deficiency of PEPCK had no effect on symbiotic effectiveness. Gluconeogenesis in R. leguminosarum is dealt with in more detail in the following paper (McKay et al., 1985) .
The dicarboxylate transport mutant MNF3080 nodulated peas, producing large numbers of bacteroids, but was ineffective in Nz fixation. This finding is in accord with the observations of Glenn & Brewin (1981), Ronson et al. (1981) and Finan et al. (1983) . It suggests that invading rhizobia can utilize carbon sources other than C4 organic acids to fuel their development into morphologically differentiated bacteroids. We have previously shown (Glenn et al., 1984b ) that R. leguminosarum does not need to utilize C, sugars in order to produce effective nodulation. It remains to be determined whether plant-derived carbon sources other than C6 sugars or C, dicarboxylic acids can be used to fuel nodulation and N2 fixation. 
